ABSTRACT: The Geometric Clutch hypothesis contends that the forces transverse to the flagellar axis (t-forces) act on the axonemal scaffold to regulate flagellar beating. T-forces develop as the product of the curvature and the accumulated tension or compression on the doublet microtubules. In this respect, t-force is a mediator of self-organizing behavior. It arises from the collective action of the assemblage of dynein motors on the structural components of the axoneme and, in turn, imparts order to the sequence of activation and deactivation of the dynein. At the switch point of the flagellar beat, the magnitude of the t-force per micron of flagellum is approximately equal to the sum total of dynein force that can be generated per micron of flagellum. This suggests that the t-force could directly overcome the force-producing dynein bridges and terminate their action. However, many questions remain to be answered concerning the behavior of the axonemal scaffold under stress. Little is known of the force-bearing capacity of the radial spokes and the central pair (cp) projections. The properties of these structures will determine how t-force is distributed within the axoneme. The mechanical and elastic properties of the dynein arms and nexin links need to be better understood to determine how they respond to the application of t-force. In the framework of the Geometric Clutch hypothesis these are the issues that are most important to explore if we are to understand how the flagellum works.
INTRODUCTION
Cilia and flagella are motile organelles of eukaryotic cells. They are whiplike appendages of the cell that exhibit rhythmic beating and in doing so exert propulsive force on the surrounding fluid. The mechanism that generates the beat of cilia and flagella has posed an enduring research problem. The curious action of ciliary motion was noted in research reports as early as 1835, 1 yet the underlying mechanism that generates the beat is still incompletely understood today.
We now know some important things about the underlying motor mechanism of cilia and flagella. The internal framework of a cilium or flagellum consists of a circular arrangement of nine outer doublet microtubules surrounding a central pair (cp) of microtubules. [2] [3] [4] This scaffold of microtubules, that is common to most cilia and flagella, is called the axoneme. FIGURE 1 illustrates our present conception of the structures in the axoneme as viewed in cross-section. Each of the outer doublets has armlike projections that extend toward the next doublet in the circle; these are called the inner and outer arms. The motive force for the flagellar beat is provided by the molecular motor dynein, first identified by Gibbons and Rowe in 1965 , and shown to be the major protein of the armlike projections. 6 The base of the flagellum anchors the outer doublets. In most cilia and flagella, this is accomplished by the basal body, although mammalian sperm anchor the doublets in a structure called the connecting piece. In addition, elastic linkages, called the nexin links, resist the free sliding of the doublets.
Summers and Gibbons showed that flagella broken off of their base and subjected to brief digestion with trypsin (to cut the nexin links) would slide apart in the presence of Mg-ATP, telescoping to eight times their original length. 7 Therefore, the basic motive interaction in the flagellar structure is the sliding of the doublets due to the action of the dynein motor proteins in the presence of Mg-ATP. This sliding is converted to bending by the restraining influence of the basal anchor and the nexin links.
FIGURE 1.
A schematic diagram of the flagellar axoneme in cross-section. The structures that are discussed in this report are labeled for the convenience of the reader. The details of the cp complex are based on the work of D.R. Mitchell. 5 Sale and Satir showed that the direction of sliding is uniform around the axoneme with the dyneins of each doublet translocating that doublet baseward on the neighboring doublet. 8 Therefore, the dyneins on one side of the axoneme tend to bend the flagellum in one direction of the beat cycle and the dyneins on the opposite side contribute to bending in the opposite direction. In most (but not all) flagella and cilia, the doublets numbered 5 and 6 in the standard numbering convention are permanently linked to one another and cannot slide relative to each other 2 and the cp is positioned perpendicular to the major plane of the beat. 3, 9 These structures provide landmarks that define the beat plane, indicated by the double-headed arrow in FIGURE 1. Consequently, the dynein bridges starting with doublet 1, located at approximately 90 degrees to the plane of the cp on one side of the axoneme, is the first of the group 1 through 4 whose dyneins bend the axoneme in one direction of the beat cycle. The opposing group is the dyneins on doublets 6 through 9, which bend the flagellum in the opposite direction. It is this far in the story that most authorities are in agreement. Satir proposed that the beat consists of alternate episodes of activation of the two opposing dynein bridge sets, regulated by some means of switching one set "on" and the other set "off" at appropriate mechanical set points. [10] [11] [12] This was postulated as the "switch point" hypothesis and is generally believed to be a valid summary of the known data into an orderly picture of the events in the beat.
It is at this point in our story that paths diverge and our understanding becomes incomplete. Quite naturally the next thing that needs to be resolved is, what is the control for the switching of the two dynein bridge sets? We know that the control must reside in the axoneme itself. Brokaw demonstrated that the flagellum removed from the intact cell was capable of autonomous functioning. 13 Later, it was shown that even isolated pieces of flagellum retain the capacity for propagating a bend and sustaining a rhythmic beat if supplied with Mg-ATP. 14, 15 One of the most fascinating observations in these early studies was that cut-off pieces of flagella that lost coordination and stopped beating could be restarted by bending the flagellum with a microprobe.
14 This observation has been revisited several times by other investigators and appears to be a universal characteristic of the axoneme. [16] [17] [18] If a hypothesis is to successfully explain how the axoneme works it must be able to explain this inherent mechanical sensitivity of the axoneme. The Geometric Clutch hypothesis [19] [20] [21] [22] provides a putative mechanism that is compatible with the observed mechanical sensitivity of the axoneme and is also consistent with many experimental observations. [23] [24] [25] In simplest terms, the hypothesis is based on the following idea: In an intact axoneme, the motor proteins are positioned just far enough from their binding sites on the adjacent doublet that when the flagellum is straight, and at rest, the dynein heads have a very small, but finite, probability of forming a bridge to the next doublet. The probability of forming a bridge increases if the interdoublet distance is decreased. A bend in the flagellum stretches the nexin links that are between the doublets and produces a force transverse to the flagellum that squeezes some doublets toward each other. Recently, Morita and Shingyoji showed that bending the axoneme can directly control the activation of sliding between the doublets in a reversible manner, 26 supporting this view. The transverse force (t-force) in a passive flagellum can be calculated if the value of the nexin elasticity is specified. When dynein bridges attach in the presence of Mg-ATP, they translocate upon the adjacent doublet and apply a longitudinal force to both of the doublets involved. The longitudinal force exerted across the diameter of the axoneme provides the torque required to actively bend the flagellum. As the flagellum bends, the curved doublets that are under tension (or compression) experience a t-force that acts to pry them apart. When this t-force component becomes sufficiently large, the dynein proteins can no longer continue to function as force-producing motors because they are pulled away from their binding sites on the adjacent doublet.
Viewed in the context of the Geometric Clutch hypothesis, the axoneme is a structure that has as its most important function the management and distribution of tension derived from the dynein motors. Consequently, the axoneme must do several interrelated things. Firstly, it must sum up the forces from many dynein motors and apply that accumulated tension across the cross-sectional diameter of the axoneme to create the torque that bends the flagellum and produces movement. Secondly, it must summate and transfer the forces in such a way that the dynein itself is turned on and off periodically. This involves the production of t-force and the application of the t-force to the dynein motors in the right amount to activate and deactivate their motor function. Thirdly, the axoneme construction must support the integrity of the ninefold structure while transferring and applying the summated tension generated by the motors. This report will examine some of the interesting questions that follow from viewing the axoneme from this perspective and suggest some of the key issues that may be resolved by experimentation.
THE HYPOTHESIS
The Geometric Clutch hypothesis can be summarized as follows: The t-force that develops between the outer doublets and across the axoneme is the primary regulator that controls the activation and deactivation of the dynein motors to produce the beat cycle.
This statement subsumes additional details that are required to understand the implied working mechanism. To begin with, the t-force requires some description, both in its origin and its application to the axoneme. The t-force results from two contributing sources, a local component and a global component. The local component of the t-force acting on the doublets comes directly from the transverse vector component of tension (or compression) acting on all linkages to the doublets. Connections to the doublets that are capable of contributing t-force are the nexin links connecting the doublets, and the radial spoke connections to the cp projections, and the dynein arms when they are bound to the adjacent doublet. When the axoneme is bent, the inter-doublet nexin links are stretched by inter-doublet shear (i.e., sliding) and the stretch generates a tension on the link. The transverse component of that elastic tension acts to pull the doublets together and is therefore a component of the t-force. When the dyneins are active they contribute both a longitudinal and a transverse component of motive force due to the geometry of the dynein linkages (see Ref. 27 for an exposition of this effect).
In addition to the local contributions to the t-force, there is a global component that is in some ways more unexpected and more interesting. When active dyneins generate the force that translocates the doublets, the longitudinal force on the doublets is transmitted to the basal anchor (basal body or connecting piece) and results in linear tension on the doublet. This linear tension accumulates as an integral sum of the contributions of participating dyneins along the length of the doublet. Similarly, the stretched nexin links contribute a vector component of tension that is longitudinal to the doublet. This tension also accumulates on the doublet. As a consequence of this process of summation, the longitudinal tension on a doublet can be quite large. When a linear structure, like a microtubule, is curved and under tension (or compression), a transverse component of the tension develops that must be restrained by supporting structures. The magnitude of this t-force component is equal to the longitudinal force multiplied by the curvature. 19 Calculations show that in a sea urchin flagellum the global component of the t-force that will develop in a typical flagellar bend is quite large, on the order of 0.5 nN/m. 27 This is approximately 100 times greater than the local t-force from the nexin link stretch in the same bend.
The magnitude of the global component of the t-force is such that, in both sea urchin and bull sperm flagella, the t-force acting on 1 m of flagellar length at the switch point of the beat is roughly equal to the combined force that all the dyneins in that same 1 m of length are capable of generating. 27 Therefore, it is not hard to imagine that the t-force could be overwhelming the dyneins at the switch point of the beat. This raises the first issue that is amenable to direct scientific investigation:
1
. How do dynein motors react to applied force?
If the Geometric Clutch hypothesis is used as a plan to guide experimental investigation, the first and most basic issue that should be investigated is the relationship of t-force to dynein function. It would be very informative to know how much force it takes to terminate dynein cross-bridge attachment to tubulin. When the dyneins are located on a doublet, how much t-force does it take to terminate the processive sliding of that doublet on a second doublet? The current sophistication of optical trap and atomic force microscope (AFM) techniques may allow this question to be addressed directly.
The issue of the dissociation force for dynein has another dimension. The Geometric Clutch computer model 19, 20 produces oscillations by assuming there is hysteresis in the behavior of a group of dynein molecules. Uniformly crossbridged dyneins, as visualized in FIGURE 2A, will remain attached and resist the t-force to a fairly high threshold. This allows a substantial bend to develop before switching ensues. If this were not so, the beat cycle would not produce sufficient bending to be effective for propulsive motility. However, once the dyneins do begin to disengage, as shown in FIGURE 2B, the disengagement must proceed until a much lower t-force value is reached, or the dyneins will not deactivate sufficiently to allow the beat to reverse direction. Hysteresis in the "on" and "off" set points is a necessary property of all relaxation oscillators. According to the Geometric Clutch hypothesis, the oscillation we call the flagellar beat cycle is produced by hysteresis in the t-force set point for activating and deactivating the dynein motors. This is a property of dynein that needs to be verified experimentally. What this will require is to show that the force necessary to disengage the dyneins drops dramatically when a gap develops in a length of active dynein FIGURE 2. The interaction of t-force with dynein. (A) When two adjacent doublets are uniformly bridged by dynein cross-bridges, applied t-force (arrows) will be distributed over many dynein linkages and resistance to dissociation should be highest. (B) At a boundary where dyneins are making the transition between the bound (bridged) state and the free (released) state, the effect of t-force will be concentrated at the dynein units at the transition (dashed lines). (C) Discontinuity in the uniformity of attached dynein bridges will have the effect of concentrating the action of the t-force on the dyneins in the transition zones (dashed lines). This behavior will reduce the t-force needed for dynein disengagement whenever a bridging discontinuity develops. This provides the hysteresis that is required for the beat oscillation in the Geometric Clutch mechanism. motors, as illustrated in FIGURE 2C. The kind of experiment undertaken by Kamiya and Okagaki with frayed axonemes offers the opportunity to observe the kinetics of dyneins on an intact doublet pair. 28 Recently, Aoyama and Kamiya revisited that experimental protocol with a new focus on the Geometric Clutch hypothesis. 29 They found that there are at least two, and possibly three, dissociation patterns that are observed when the doublets separate. This could be an indication that the dissociation threshold is conditional on the number and pattern of functional dyneins that remain on the doublets. It also suggests that the t-force required to separate two doublets might be conditional on the pattern of dynein attachment. Building on this method might be one way to answer the question of hysteresis in the dynein response to t-force. Another possibility would be to use optically trapped beads to pull apart a microtubule that is translocating on the dyneins of an isolated outer doublet.
We also do not know how the dynein bridge between adjacent doublets responds to the application of t-force. Goodenough and Heuser produced some striking micrographs showing the outer dynein arms in rigor and in the relaxed condition. 30, 31 Additionally, Burgess showed that in images of cryofixed motile flagella the rigor and relaxed configurations appear to alternate. 32 In the rigor configuration the globular dynein head appears to nest in two protein densities that they called the P-foot and the D-foot, as shown in FIGURE 3A. When the axoneme was subjected to stress during preparation, Goodenough and Heuser showed that the dynein head would undock from its position between the feet and would end up suspended in the inter-doublet space. 31 It is likely that this is similar to the action that t-force exerts on the native dynein bridges, as shown schematically in FIGURE 3B.
Based on an analysis of the stiffness of the stem of the dynein molecule, Lindemann and Hunt proposed that the dynein heavy chain could not support force transmission without additional support. 33 The nesting of the head in the P-and D-feet as seen in the micrographs of Goodenough and Heuser would provide just the kind of support needed for force transmission during the power stroke. 30 Elimination of this support by pulling the head away from its docking position could be the mechanism whereby the t-force deactivates the dynein motors. Applying the same quick-freeze deep-etch technique to rapidly frozen beating flagella might confirm that such a transition to the undocked state is present in the strongly bent regions of actively beating flagella.
If, in fact, the axoneme is using t-force to switch the dyneins, then the t-force will be acting to distort the axoneme during the beat cycle. When the dyneins release from their cross-bridged active configuration the doublets should recoil away from each other in response to the unsupported t-force acting on the nexin links and spokes as illustrated in FIGURE 4. This raises the second issue for experimental verification:
2
. Does the axoneme distort during the beat cycle?
Recently, Sakakibara et al. used AFM to demonstrate that the action of the dynein motors results in an oscillation of the axoneme diameter in immobilized FIGURE 3. A possible mechanism for the interaction of the t-force with the dynein power stroke. Alternation of the rigor and relaxed configuration of the dynein cross-bridge as illustrated in (A) is the condition seen in electron micrographs of the active axoneme as reported by Burgess. 32 As suggested by Lindemann and Hunt, 33 a stabilized condition of the dynein head, as occurs in the rigor configuration, may be a requirement for the transmission of force between the doublets during the power stroke (PS). When the bridge is in the relaxed configuration, ATP is bound and the B-link is in the low affinity state where relocation (RL) to a new binding site on the B-subtubule takes place. Alternation of the rigor and relaxed states leads to inter-doublet sliding. Application of t-force, as shown in (B), increases the inter-doublet spacing 31 and prevents the formation of the rigor complex, thereby preventing the step in the bridge cycle that is required for inter-doublet force transmission. sea urchin flagella. 34 This would indicate that engagement of the dynein motors alters the inter-doublet spacing, which is consistent with the Geometric Clutch hypothesis. Additionally, the transmission electron microscope (TEM) images presented by Mitchell using a fixation technique that successfully preserved the waveform of the Chlamydomonas beat, appear to show that the axoneme becomes wider in the bent regions. 35 This is exactly what would be expected if the t-force were distorting the axoneme, as in FIGURE 4. While these observations are suggestive, more definitive evidence is needed to confirm that the inter-doublet distances change during the normal beat cycle.
The changes in spatial relationships within the axoneme of active flagellar or cilia should be visible in freeze fracture replicas of fast frozen flagella or cilia, such as those so elegantly presented by Goodenough and Heuser. 30, 36 The new technique of Cryo-EM tomography should also be capable of seeing the change in doublet separations if vitrified specimens of active flagella are examined. Application of this technique to quiescent flagella has already been extraordinarily valuable. A), most or all of the tension ends up accumulated on doublet 1 and doublets 5 and 6. As a consequence most, or all, of the global t-force (see text for description of global t-force) will be exerted across the axoneme from doublet 1 to doublets 5 and 6. This positions the t-force to put stress on the cp and spoke linkages as well as the attached dyneins. Which of these two pathways experiences the greater share of the t-force tension will depend in great measure on the mechanical properties of the spoke-cp axis. After the dynein bridges release, as shown in (B), all of the t-force must be held by the spoke-cp axis and the nexin links. This will produce a distortion of the axoneme as illustrated in (B). The extent of the distortion will depend on the mechanical properties of the spoke-cp axis. Adapted from Lindemann 27 ; reproduced with permission.
Another major issue concerns the way that the axoneme structure interacts with applied tension to create and distribute the t-force. The summation of tension on the doublets is only possible if the doublets are relatively inextensible and anchored. Brokaw's observations on detergent extracted flagella tagged with beads seem to support the concept that the doublets are fairly inextensible under normal loading. 38, 39 Therefore, the doublets should be capable of transmitting most of the dynein-generated tension to the basal anchor. The next issue is:
3. Does the basal anchor alter the beat cycle? Without a basal anchor a doublet would experience considerably less accumulated tension, and hence, would develop considerably less t-force. In addition, the distribution of t-force in the absence of a basal anchor would not favor switching to begin near the basal region of the flagellum, but closer to the middle of the axoneme or, possibly, not at all. This relationship is illustrated in FIGURE 5 . The reduction in t-force in the absence of a basal anchor would decrease the likelihood of a beat cycle; consequently, spontaneous beating might not develop, especially in cilia and flagella of short or moderate length. The effect of removing the basal body has been widely observed, as reviewed by Goldstein. 40 When oscillation is still achieved, the basal to tip direction of wave propagation should be altered or compromised. The recent studies of Fujimura and Okuno seem to support the Geometric Clutch interpretation of the role of the basal anchor and show that beating and bend propagation can be restored without a basal body as long as the doublets are anchored. 41 The Geometric Clutch mechanism suggests that anchoring the doublets at the tip rather than the base should also be able to restore beating, and in that case the direction of bend propagation should be reversed, as illustrated in FIGURE 5.
This prediction remains to be tested.
When a flagellum or a cilium beats, the dyneins on the doublets of one hemicircle of the axoneme must work together to generate the tension that bends the flagellum. This means that in most cilia or flagella the dyneins on doublets 1, 2, 3, and 4 work together to bend the axoneme in one direction and the dyneins on doublets 6, 7, 8, and 9 work together to bend the axoneme in the In an intact flagellum, an episode of dynein engagement bends the flagellum by accumulating the tension at the basal anchor (i.e., the basal body/connecting piece). The resulting t-force is largest near the basal end of the flagellum and begins the process of dynein disengagement that leads to bend propagation in a direction away from the basal anchor. (B) In the absence of a basal anchor tension can only be accumulated on the doublets by the resistance of a large number of resisting nexin links. Therefore, a bend can only develop if the dyneins at one end of the axoneme are acting against the combined resistance of the nexin over an extended distance. Under these circumstances bending will be more centrally located and much more gradual. This results in a much reduced t-force and a reduced chance of a successful beat cycle developing. (C) Restoration of a mechanical anchor, even if it is at the wrong end, should increase the probability of a beat cycle developing. If the Geometric Clutch mechanism is correct, the direction of bend propagation should be reversed by introduction of a distal anchor. opposite direction ( see FIG. 4) . The force that is contributed by the concerted action of each of these two dynein groups ends up as tension and compression on doublets 1 and 5-6. In the flagella and cilia of metazoans, the 5-6 doublets are permanently bridged and act as a unit. Consequently, all (or most) of the tension contributed by the dyneins ends up directed across the center of the axoneme. This also means that most, or all, of the t-force that develops acts across the central axis as well. Since the radial spokes from doublets 1 and 5-6 appear to interact with the cp projections this raises the question of the role of the spoke-cp axis in the distribution of the t-force, as illustrated in FIGURE 4.
There are many unanswered questions regarding the role of the spoke-cp axis in managing the t-force. In the context of the Geometric Clutch mechanism this is a crucial issue; the points of major interest are illustrated in FIGURE 6. The flexibility of the cp projections could play a role in governing the distribution of t-force between the dyneins and the spokes. The more the t-force that is carried by the spoke-cp axis, the less t-force the dynein motors will experience; thus, a greater curvature will develop before dynein disengagement occurs. This puts the spokes and cp apparatus in an ideal regulatory position. Release of the spoke head attachments to the cp projections would cause dramatic redistribution of t-force from the spokes to the dyneins. This may be an important step in the dynein-switching mechanism. Therefore, the most fundamental issue to be addressed is:
4
. Do the spokes form physical attachments to the cp projections, and if they do, how much force can that attachment hold?
This is a most fundamental interaction and is a crucial determinant of how the axoneme distributes t-force. We know from the work of Warner and Satir that the spokes readily tilt and the spoke heads translocate to new positions on the cp apparatus as the axoneme bends. 42 Remarkably, we know almost nothing else about the spoke head-cp interaction. FIGURE 6 illustrates the components of the spoke-cp axis and properties of that axis that need to be discovered. In a typical bending wave of a sea urchin sperm, the spokes of doublet 1 must experience a t-force of approximately 7pN/ spoke immediately after switching. 27 Before the dyneins bridges release, the t-force experienced by the spokes on doublet 1 may even be higher, but will depend on how much the t-force is resisted by the attached dynein bridges. How does the spoke head attachment to the cp projections handle the t-force? Does the spoke head remain attached to the cp projections or does the spoke head pull away from the cp projections under loading?
Yang et al. succeeded in isolating intact spokes, 43 and Kamiya devised a method to isolate cp complexes. 44 Do isolated spokes have the ability to bind the isolated cp complexes? This is a most important missing piece of information. Furthermore, if the spoke heads do bind, it should be possible to determine the force required to separate them using a dual beam laser trap methodology.
Real cilia and flagella can change their beating pattern in response to Ca 2+ , an effect that is mediated by a direct action of calcium ion on the axoneme. 45, 46 FIGURE 6. Mechanics of the spoke-cp axis. Most of the t-force that develops in an intact flagellum during the beat cycle will be directed across the spoke-cp axis. The components of that force-bearing axis are shown here in isolation. We know almost nothing of the mechanics of this structure that is so strategically positioned to interact with the t-force. Questions that need to be addressed are: (A) Is the spoke shaft extensible and how are its properties changed by the four calmodulin units located on the shaft? (B) Does the spoke head form a bond to the cp projections and, if it does, how mechanically strong is the linkage? (C) Are the cp projections flexible and elastic? How much axonemal distortion is possible without detaching the spoke head from the cp projections? All of these factors will impact the distribution of t-force between the spoke-cp axis and the dynein, and may be the key to understanding the control of the amplitude of the beat.
At high concentrations of free calcium ion, detergent-extracted and reactivated sea urchin sperm will arrest in a strongly curved configuration. 47 The axoneme is lavishly decorated with proteins that are calcium response elements. Calmodulin has been localized to the spokes 43, 48, 49 and there is some evidence that the spokes can inhibit microtubule sliding in the presence of Ca 2+ . 50 Centrin, a Ca 2+ activated contractile protein, has been localized to the dynein regulatory complex (DRC). [51] [52] [53] How is it that calcium ion is able to change the switching parameters of the beat to modify the waveform? The Geometric Clutch mechanism offers several concrete possibilities that could be tested: The fraction of the t-force that can be transmitted through the spokes and cp complex directly alters the t-force that the dynein motors experience. Therefore, any change in the spoke length or change in the elasticity or tensile strength of the spoke-cp axis will alter the switch point of the beat. Changing the switch point through such a spoke-dependent mechanism would change the amplitude and wave propagation characteristics of the flagellum. In other words, the waveform would be altered.
The Geometric Clutch computer model informs us that a change in the probability of the dynein motors finding and attaching to a binding site on the B subtubule of the adjacent doublet can have powerful effects on the waveform of the resulting beat. 20, 22, 24 Centrin (also called caltractin) is a calcium response element that changes its molecular conformation when calcium is bound. It is located at the attachment point of two inner row dynein heavy chains. 53 In this location it could change the projection angle of an inner row dynein and thereby alter the probability of the dynein forming a spontaneous bond to the B subtubule. The centrin calcium response elements are in the DRC, FIGURE 7. The projection angle of the inner arm dyneins. The Geometric Clutch model predicts that small changes in the probability of spontaneously forming a dynein cross-bridge attachment will make a very significant impact on the waveform of the beat. 54 Cross-bridge attachment probability would be sensitive to minor adjustments of the angle of dynein projection from the A subtubule, as illustrated. The inner row of dynein arms, which have the greatest impact on the waveform of the beat, is anchored to the A subtubule at, or near, the DRC as illustrated in (A). A structural modification of a protein in that complex, for instance in response to Ca 2+ binding as illustrated in (B), could alter the projection angle of one or more of the inner arm dyneins and produce the necessary change in bridge attachment probability required to explain phenomena, such as calcium regulation of the beat symmetry. and associate with dynein arms I2 and I3. 53 This raises another issue that is amenable to investigation:
7. Is there a calcium dependent conformational change in the projection angle of the dynein arms from the A subtubule?
This would be especially relevant to the question of waveform symmetry if there are asymmetries in the conformation of the dyneins around the ring of nine doublets. If the projection angle of some of the dynein heavy chains on one side of the axoneme was altered by calcium ion, as illustrated in FIGURE 7, this would be the kind of conformational change that the Geometric Clutch mechanism requires to make the symmetry of the beat vary with the calcium concentration. There is already some evidence that there is a radial asymmetry in the inner dynein arm region of the Chlamydomonas axoneme, 55 but definitive structural data are wanting.
CONCLUSIONS
The Geometric Clutch hypothesis instructs us to view the axoneme as a machine for carrying tension and managing t-force. In this regard, the hypothesis provides a framework that can be used to make predictions about the functioning of the axoneme components and to suggest useful experiments. Seven items that are amenable to experimental investigation are identified in this report. Exploration of these specific questions would facilitate a greater understanding of the working mechanism of cilia and flagella.
